Introduction
In 1893, Charles Barnes (1858 Barnes ( -1910 proposed to designate the biological process for "synthesis of complex carbon compounds out of carbonic acid, in the presence of chlorophyll, under the influence of light" as "photosyntax" or "photosynthesis". His preference went for the word "photosyntax", but "photosynthesis" came into common usage as the term of choice (Gest, 2002) . Although this definition is still widely used today, the Oxford English Dictionary (OED, 1989) has defined the biological photosynthesis as "the process by which carbon dioxide is converted into organic matter in the presence of the chlorophyll of plants under the influence of light, which in all plants except some bacteria involves the production of oxygen from water". By considering the photosynthetic bacteria that do not produce oxygen and do not necessarily require carbonic acid as carbon source, Gest (Gest, 1993) has refined these definitions as followed: "photosynthesis is a series of processes in which electromagnetic energy is converted to chemical energy used for biosynthesis of organic cell materials; a photosynthetic organism is one in which a major fraction of the energy required for cellular syntheses is supplied by light". Photosynthesis is therefore a unique source for carbon sequestration and allows the aerobic organisms to survive based upon not only on its released oxygen but also its synthesized organic compounds. As such, plants are an ideal host for pathogenic microorganisms such as fungi, bacteria and viruses and also the only food source for herbivores. Theoretically, the photosynthetic capacity of plants is unlimited when the optimal growing conditions are met. Unfortunately, terrestrial plants are constantly challenged by abiotic (UV, water, salinity, temperature) (Baker et al., 1988 , Baldry et al., 1966 , Barhoumi et al., 2007 , Barrow and Cockburn, 1982 , Bassham, 1977 , Batista-Santos et al., 2011 , Bauerle et al., 2007 , Berry, 1975 , Bischof et al., 2000 , Ripley et al., 2008 , Ripley et al., 2007 , Roberntz and Stockfors, 1998 and biotic (pathogens, pests, animal and human) stresses that reduce their productivity and even threaten their survival (Bilgin et al., 2010 , Bonfig et al., 2006 , Erickson and Hawkins, 1980 , Garavaglia et al., 2010 , Kocal et al., 2008 . While the regulation of plant defence responses has been extensively investigated, the effects of pathogen infection on primary metabolism, including photosynthesis, are however less known. Currently, interest in this research area is growing and some aspects of photosynthesis, assimilate partitioning, and source-sink regulation in different types of plant-pathogen interactions have been investigated. Berger et al (Berger et al., 2007) have recently reviewed how plant physiology meets phytopathology. The reader can also get more detail on this topic in previous study (Trotta et al., 2011 , Essmann et al., 2008 , Scharte et al., 2009 ). Here, we will focus our review on current knowledge on the process of higher plant photosynthesis, its outcome for both plants and fungal pathogens, the roles for some of the metabolites and transduction pathways that are implicated in this twined inter-relationship as well as the potential targets as future strategy.
Photosynthesis and pathogen
Plants and pathogens have developed dynamic interactions. Whereas plants tend to survive through different mechanisms following pathogen attack, the later looks for maximizing feed intake to insure its reproduction and dissemination (Korves and Bergelson, 2003, Berger et al., 2007) . In this context, the photosynthetate -the energy source for both the plant and pathogens -synthesis and its availability is the focus of a struggle to death. The next section will discuss how photosynthesis proceeds in these challenging conditions.
Photosynthesis
Chloroplast is the factory for photosynthesis in higher plants. However, new evidences suggest a contribution for mitochondrial functions in the maintenance of efficient photosynthesis (Nunes-Nesi et al., 2008) . The general process of photosynthesis, its outcome and limiting factors will be briefly described in the next sections.
Process and outcome

Process
In higher plants, the photosynthetic CO 2 fixation occurs in the green leaves, considered as source organs, with the absorption of light by chlorophyll, much of which is located in the light-harvesting complexes (LHCs) of PSII and PSI within the thylakoid membrane of chloroplasts (Murchie and Niyogi, 2011) . The mesophyll cell of higher plants, due to its higher chloroplast content, is the most active photosynthetic tissue. In general photosynthesis proceeds through 2 major phases: a) a light phase that produces ATP and NADPH in the chloroplast thylakoids and released in the stroma and b) the CO 2 reduction phase in presence of water in the stroma and that consumes the ATP and NADPH generated in phase a) to produce a triose phosphate through the Calvin-Benson cycle which comprises three stages (Figure 1) . Briefly, the carboxylation of 3 molecules of ribulose 1,5 biphosphate fixes 3 molecules of CO 2 and H 2 O under the ribulose 1,5 biphosphate carboxylase/oxygenase (rubisco) catalysis in the Calvin-Benson cycle and leads to 6 molecules of 3-phosphoglycerate. The 3-phosphoglycerates are then phosphorylated in presence of ATP produced during the light reaction by the catalytic action of 3-phosphoglycerate kinase into 1,3 bisphosphoglycerate which is further reduced by NADPH and NADP-glyceraldehyde 3-phosphate dehydrogenase into 6 molecules of glyceraldehyde 3-phosphate (6 triose phosphates). Of these six triose phosphates, one represents the net synthesis from CO 2 fixation and, 9 ATP and 6 NADPH are utilized. The remaining five triose phosphates are used to regenerate the ribulose 1,5 biphosphate to insure continuous CO 2 fixation (Taiz and Zeiger, 2010) . (Taiz and Zeiger, 2010) 
Outcome
The outcome of CO 2 fixation by higher photosynthetic plants is the production of carbohydrates. As a result of photosynthetic CO 2 reduction during the day, starch granules accumulate in the chloroplast while an excess of assimilates are continuously allocated, mostly in the form of sucrose, to sink tissues such as developing leaves, roots, meristems, fruits, and flowers, that are unable to produce sufficient amounts of assimilates by themselves and therefore require their net import via the phloem (Kocal et al., 2008) . Sucrose is loaded into the phloem in the minor veins of leaves before export (Zhang and Turgeon, 2009) . Recently, Zhang and Turgeon (Zhang and Turgeon, 2009 ) have proposed two active, species-specific loading mechanisms. One involves transporter-mediated sucrose transfer from the apoplast into the sieve element-companion cell complex, so-called apoplastic loading. In the second putative mechanism, sucrose follows an entirely symplastic pathway, and the solute concentration is elevated by the synthesis of raffinose and stachyose in the phloem, not by transporter activity. Thus, a coordinated sequence of assimilate production, allocation, and utilization is essential for normal plant growth and development (Kocal et al., 2008) . Indeed, carbohydrate accumulation in the leaves can lead to decreased expression of photosynthetic genes and accelerated leaf senescence when there is an imbalance between source and sink at the whole plant level (Paul and Foyer, 2001) . Generally, when sink activity is decreased by removing active sinks or introducing nutrient deficiency, carbohydrates accumulate in leaves and photosynthesis becomes inhibited Bush, 2011, Paul and Pellny, 2003) . Similarly, when sucrose export from source leaves is restricted, for example by cold girdling of petioles or down-regulation of sucrose transporter abundance, photosynthesis is inhibited. It has also been reported that a downregulation of sucrose transporter 1 (SUT1) in several sucrose-transporting plants, shown to be apoplastic loaders, led to an accumulation of sugars and leaf chlorosis (Zhang and Turgeon, 2009 ). In contrast, no such phenotype developed when a symplastic loading plant such as Verbascum phoeniceum was downregulated, emphasizing the importance of either active or passive assimilates exports.
Limiting factors
Although the Calvin-Benson cycling capacity seems unlimited in the presence of light, CO 2 and H 2 O, many limiting factors counteract this highly regulated biological process. First, if the presence of CO 2 and light are required, their levels are of great importance. As light (photon flux and intensity) increases (in constant optimal CO 2 ), the rate of photosynthesis rises until it is saturated. An excess of light can lead to photoinhibition (Bertamini and Nedunchezhian, 2004, Murchie and Niyogi, 2011) . A correlation between the in vivo rates of net CO 2 assimilation and the atmospheric CO 2 concentrations was observed when intact C 3 and C 4 plants were exposed to different atmospheric CO 2 concentrations (Aguera et al., 2006 , Ainsworth and Rogers, 2007 , Bhatt et al., 2010 . In general, current atmospheric CO 2 concentration is adequate for both C 3 and C 4 plants. However, with global warming and its related rising temperature and CO 2 level, a higher biomass production and a change in C 3 and C 4 plants distribution are expected (depending on rainfall) because of their differential photosynthetic and water use efficiency. Nontheless, many temperate plant species may not adapt as rate of photosynthesis was found to decline at moderately high temperature in a temperate species such as Arabidopsis thaliana (Kumar et al., 2009 , Kurek et al., 2007 . If CO 2 generally favours photosynthesis, other environmental clues such as UV-B (Albert et al., 2008) , heat shock and water deficit (Abrams et al., 1990 , Ackerson and Hebert, 1981 , Allakhverdiev et al., 2008 , ZhangWollenweber et al., 2008 ), Cold (Batista-Santos et al., 2011 , Bilska and Sowinski, 2010 , herbivore and pathogen attacks have detrimental effects on photosynthesis (Halitschke et al., 2011 , Horst et al., 2008 , King and Caylor, 2010 , Nabity et al., 2009 ). The primary targets of thermal damage in plants are the oxygen evolving complex along with the associated cofactors in photosystem II (PSII), carbon fixation by Rubisco and the ATP generating system (Allakhverdiev et al., 2008) . Recent studies on the combined effect of moderate light intensity and heat stress suggest that moderately high temperatures do not cause serious PSII damage but inhibit the repair of PSII. Repair of PSII involves de novo synthesis of proteins, particularly the D1 protein of the photosynthetic machinery that is damaged due to generation of reactive oxygen species (ROS). Attacks by ROS during moderate heat stress principally affects the repair system of PSII, resulting in the reduction of carbon fixation and oxygen evolution, as well as the disruption of the linear electron flow (Allakhverdiev et al., 2008) .
Pathogens in plants
Plants pathogens are of diverse nature and include pathogenic fungi, virus, and bacteria. Whereas all of these pathogens are of great interests for plant biologists, the sake of this contribution will be limited to the pathogenic fungi with some reference to bacteria.
Invasion process
Plant infection by pathogenic fungi and bacteria can occur in multiple ways. It could be passive, i.e. accidental, by suction into the plant through natural plant openings such as stomata, hydathodes or lenticels, entrance through abrasions or wounds on leaves, stems or roots Rijkenberg, 1998b, Vidaver and Lambrecht, 2004) . Infection of host plants by biotrophic plant pathogens generally involves the sequential development of specialized host-parasite interfaces, exemplified by those of haustoria, which are maintained over an extended period of time without causing significant cytological damage to host tissue in the infected region Jeffries, 1984, Tariq and Jeffries, 1986) . Using scanning electron microscopy, Hu and Rijkenberg (Hu and Rijkenberg, 1998b) identified key time points in the formation of infection structures by P. triticinia on susceptible and resistant lines of hexaploid wheat. Six hours after infection, the fungus forms appressoria over stomata openings. After 12 hours, the fungus has successfully penetrated into the stroma, formed substomatal vesicles (SSV), and primary infection hyphae are visible. After SSV formation, the primary infection hypha grows and attaches to a mesophyll or epidermal cell. At 24 hours postinoculation, a septum appears separating the haustorial mother cell from the infection hypha after which the fungus forms haustorium and penetrates the cell (Hu and Rijkenberg, 1998b) . Recently, Garg et al (Garg et al., 2010) described the infection process in susceptible and resistant genotypes of Brassica napus against Sclerotinia sclerotiorum. They demonstrated at the cellular level that resistance to S. sclerotiorum in B. napus is a result of retardation of pathogen development, both on the plant surface and within host tissues. There are some indications that the infection process is dependent on the nutritional status of the inoculums (Garg et al., 2010) . Indeed, previous studies suggested that the presence of nutrients is essential for hyphal development, penetration and for subsequent establishment of a successful invasion of a susceptible host by the pathogen (Tariq and Jeffries, 1984 , Tariq and Jeffries, 1986 , Garg et al., 2010 .
Outcomes of pathogen invasion
For the pathogen
Plant pathogens like viruses, fungi, oomycetes, and bacteria are known to interfere with the source-sink balance (Berger et al., 2007 , Seo et al., 2007 , and in the case of a successful interaction, pathogens are believed to reprogram a plant's metabolism to their own benefit . This comprises the suppression of plant defence responses and the reallocation of photoassimilates to sufficiently supply the pathogen with nutrients (Kocal et al., 2008) . In accordance with this, the infected leaf is assumed to undergo a source to sink transition or retains its sink character. For example, infection of maize leaves with Ustilago maydis prevents establishment of C 4 photosynthesis because U. maydis-induced leaf galls exhibited carbon dioxide response curves, CO 2 compensation points and enzymatic activities that are characteristic of C 3 photosynthesis (Horst et al., 2008 ). An indication for this is provided by a stimulation of cell wall-bound invertase (cw-Inv) that mobilizes hexoses at the infection site and a decreased rate of photosynthesis (Kocal et al., 2008) .
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For the plant
Pathogen attacks result in the development of symptoms that include leaf and fruit wilt, stem and root rot (Rekah et al., 1999) , coverage of leaf surface with pustule, chlorosis and necrosis (Fofana et al., 2007 , Kocal et al., 2008 (Figure 2 ), a decreased rate of plant photosynthesis (Kocal et al., 2008) , and as a consequence plant death or yield loss ensues (Berger et al., 2007) . Fig. 2 . Symptoms of wheat leaf rust (Pucinia triticina) on wheat near isogenic RL6003 line inoculated with a) avirulent race 1 (BBB), and b) virulent race 7-2 (TJB) of Pucinia triticina. An incompatible interaction showing ; 1-infection types with very small pustules, no sporulation and hypersensitive reaction (BBB) and compatible interaction showing a 3+4-infection type with large pustules, abundant sporulation and chlorotic reaction around sporulations (TJB).
Photosynthesis and pathogens invasions 2.3.1 Photosynthesis efficiency under pathogen attacks
Pathogen attacks result in a decreased rate of plant photosynthesis (Kocal et al., 2008) , and as a consequence yield loss (Berger et al., 2007) . Pathogen infection often leads to plant death, the development of chlorotic and necrotic (Kim et al., 2010) lesions and to a decrease in photosynthetic assimilate production. Using chlorophyll fluorescence imaging, it has been reported that the changes in photosynthesis upon infection are local. In Arabidopsis leaves infected with A. candida and in tomato plants infected with B. cinerea, a ring of enhanced photosynthesis was detectable surrounding the area with decreased photosynthesis at the infection site. At present, it is not clear if this stimulation of photosynthesis is due to the defence strategy of the plant (Berger et al., 2007) . A decrease in photosynthesis has also been reported in incompatible interactions (Bonfig et al., 2006) . The decrease in photosynthesis was detectable earlier with the avirulent strain than with the virulent strain. It is suggested that plants switch off photosynthesis and other assimilatory metabolism to initiate respiration and other processes required for defence (Berger et al., 2007) . Recently, Petit et al (Petit et al., 2006) characterized the photosynthetic apparatus of grape leaves infected with esca disease. Foliar symptoms were associated with stomatal closure and alteration of the photosynthetic apparatus. A decrease in CO 2 assimilation, transpiration, a significant increase in intercellular CO 2 concentration, a strong drop in the maximum fluorescence yield and the effective Photosystem II quantum yields, and a reduction of total chlorophyll but a stable carotenoid content were reported (Petit et al., 2006) .
Mechanistic alteration of the photosynthetic capacity
Several mechanisms have been described to explain the suppression of plant defence responses and the reprogramming of the plant's metabolism to the pathogen own benefit (Garavaglia et al., 2010) . The pathogens Stagonospora nodorum and Pyrenophora tritici-repentis, the causal agents of Stagonospora nodorum blotch (SNB) and tan spot, respectively, produce multiple effectors (Ptr ToxA, Ptr ToxB, and Ptr ToxC), also known as host-selective toxins (HSTs), that interact with corresponding host sensitivity genes in an inverse gene-for-gene manner to cause the diseases in wheat. A compatible interaction requires both the effector (HST) and the host gene and results in susceptibility as opposed to host resistance (R) genes. R-genes lead to a resistance response known as effector-triggered immunity (ETI) which includes localized programmed cell death (PCD) or hypersensitive response (HR), to restrict pathogen growth. The absence of either the effector or the host gene results in an incompatible interaction (Zhang et al., 2011 , Faris et al., 2010 . Pyrenophora tritici-repentis produces oval or diamond-shaped to elongated irregular spots that enlarge and turn tan with a yellow border and a small dark brown spot near the center causing necrotic and/or chlorotic lesions on infected leaves, which can significantly reduce total photosynthetic area and yield loss (Kim et al., 2010) . The development of chlorosis in response to Ptr ToxB results from an inhibition of photosynthesis in the host, leading to the photooxidation of chlorophyll molecules as illuminated thylakoid membranes become unable to dissipate excess excitation energy (Strelkov et al., 1998) . Recently, Kim et al (Kim et al., 2010) showed that treatment of wheat leaves with Ptr ToxB results in significant changes in the abundance of more than 100 proteins, including proteins involved in the light reactions of photosynthesis, the Calvin cycle, and the stress/defence response. These authors also examined the direct effect of Ptr ToxB on photosynthesis and found a net decline of photosynthesis within 12 h of toxin-treatment, long before chlorosis develops at 48-72 h. A role for ROS generation and disruptions of the photosynthetic electron transport shortly after pathogen attack or toxin treatment have been suggested as potential mechanism (Kim et al., 2010) . Similar mechanism has been proposed by Allakhverdiev et al (Allakhverdiev et al., 2008) following heat stress that targets the oxygen evolving complex along with the associated cofactors in photosystem II (PSII), carbon fixation by rubisco and the ATP generating system. In another system, Kocal et al (Kocal et al., 2008) studied the role of cell wall invertase (cw-Inv) in transgenic tomato (Solanum lycopersicum) plants silenced for the major leaf cw-Inv isoforms during normal growth and during the compatible interaction with Xanthomonas campestris pv vesicatoria. Cw-Inv expression was found to be induced upon microbial infection and was most likely associated with an apoplastic hexose accumulation during the infection process. The hexoses formed are thought to aid the pathogen's nutrition (Berger et al., 2007 , Seo et al., 2007 . Fungal pathogens also produce their own invertases to ensure their nutritional supply (Chou et al., 2000 , Voegele et al., 2006 . One of the most sophisticated mechanisms that divert plant metabolites to pathogen is the role of auxin in host-pathogen interactions (Fu et al., 2011 , Navarro et al., 2006 . Indole-3-acetic acid (IAA) is the major form of auxin in most plants and induces the loosening of plant cell wall, the natural protective barrier to invaders. X. oryzae pv oryzae, X. oryzae pv oryzicola, and M. grisea secrete IAA, which, in turn, may induce rice to synthesize its own IAA at the infection site. IAA induces the production of expansins, the cell wallloosening proteins, and makes rice vulnerable to pathogens (Fu et al., 2011) . Similarly, Garavaglia et al (Garavaglia et al., 2010) have reported an eukaryotic-acquired gene by a biotrophic phytopathogen that allows its prolonged survival on the host by counteracting the shut-down of plant photosynthesis.
Plant reactions to pathogen attack
During plant-pathogen interactions, the host develops a variety of defence reactions. Nonhost resistance against a biotrophic fungal pathogen is often manifested as the ability of the attacked plant to prevent fungal penetration, or the ability to terminate the development and/or functioning of the fungal feeding structure such as the intracellular hypha or the haustorium before it extracts enough nutrition from the plant cells (Wen et al., 2011) . These reactions may involved development of physical barriers such as exocytosis, cell wall modifications and de novo metabolites synthesis (IshiharaHashimotoMiyagawa et al., 2008) .
3.1 Primary metabolites and secondary metabolite production 3.1.1 Primary metabolites Cell wall strengthening by callosic (Wen et al., 2011) and papillae formation, cell wall apposition (Fofana et al., 2005 , Wurms et al., 1999 , lignin deposition (Hammerschmidt and Kuc, 1982) as well as hydrolytic PR proteins (Hu and Rijkenberg, 1998a) have been reported as first line of defence mechanism developed by plants. Components of these cell wall makeups are of primary metabolite origin. It is worth noting that papillae were at times observed as an initial response to fungal penetration. Generally, papillae relate to powdery mildew fungal penetration in two ways: in some instances, penetration fails when papillae are present and alternatively, penetration may succeed and the papilla becomes a collar for the haustorial neck (Hammerschmidt and Yang-Cashman, 1995) . Using transmission electron microscopy, Fofana et al (Fofana et al., 2005) observed both outcomes for elicited and nonelicited cucumber plants, strongly suggesting that papillae formation alone may not be sufficient to explain the level of induced resistance observed for elicited plants. Moreover, chitin labelling revealed that the walls and lobes of fungal haustoria within both treatments were undisturbed, suggesting that PR proteins, such as chitinases and -1,3-glucanases, may not play a major role in the early events of induced resistance for cucumber (Fofana et al., 2005) . However, Gonzalez-Teuber et al. (Gonzalez-Teuber et al., 2010) recently reported glucanases and chitinases as causal agents in the protection of acacia extrafloral nectar from infestation by phytopathogens. Nectars are rich in primary metabolites and as protective strategy, floral nectar of ornamental tobacco (Nicotiana langsdorffii x Nicotiana sanderae) contains "nectarins," proteins producing reactive oxygen species such as hydrogen peroxide. By contrast, Acacia extrafloral nectar contains pathogenesis-related (PR) proteins. This nectar is secreted in the context of defensive reactions. Gonzalez-Teuber et al (Gonzalez-Teuber et al., 2010) showed that PR proteins causally underlie the protection of Acacia extrafloral nectar from microorganisms and that acidic and basic glucanases likely represent the most important prerequisite in this defensive function. Salicylic acid (SA) and Jasmonic acid have long been considered as signal molecules in disease resistance (Ward et al., 1991) . Recently, Arabidopsis GH3-type proteins functioning in auxin signaling, in association with a salicylic acid (SA)-dependent pathway, was reported to positively regulate resistance to Pseudomonas syringae (Jagadeeswaran et al., 2007) . Accordingly, Fu et al (Fu et al., 2011) suggested that GH3-2 encodes an IAA-amido synthetase and positively regulates rice disease resistance by suppressing pathogen-induced accumulation of IAA in rice. Activation of GH3-2 confers to rice a broad spectrum and partial resistance against Xanthomonas oryzae pv oryzae and Xanthomonas oryzae pv oryzicola and the fungal Magnaporthe grisea in rice.
Secondary metabolites
The role for secondary metabolites in the plant's interaction with its environment is widely recognized (Rhodes, 1994) . The primary metabolites deriving from photosynthesis are channeled into different metabolite pathways for the synthesis, storage, and modification (hydroxylation, glycosylation, acetylation, etc) of myriads of compounds, and for use to cope abiotic and biotic clues. Within each of the major groups of secondary metabolites such as alkaloids, phenylpropanoids and terpenoids, several thousand individual compounds accumulating in plants have been characterised and their role in plant-pathogen interactions studied (Ishihara et al., 2011) . For example, induction of phenolic compounds, flavonoid phytoalexins, (Daayf et al., 1997 , Fawe et al., 1998 , Fofana et al., 2002 , McNally et al., 2003b , McNally et al., 2003 was reported in cucumber plants following pathogen attacks and elicitor treatments. Synthesis of phytoalexins involves the rapid transcriptional activation of genes encoding a number of key biosynthetic enzymes that include anthranilate synthase (AS) (IshiharaHashimotoTanaka et al., 2008) phenylalanine ammonia-lyase (PAL), chalcone synthase (CHS) which is the early committed key enzyme of the flavonoid/isoflavonoid pathway, chalcone isomerase (CHI) and isoflavone reductase (IFR) (Dixon et al., 1995 , Baldridge et al., 1998 , Fofana et al., 2002 , Fofana et al., 2005 . The chemical nature of some of these compounds is now well elucidated (Ibanez et al., 2010 , Ishihara et al., 2011 , McNally et al., 2003 . McNally et al (McNally et al., 2003b , McNally et al., 2003 reported the synthesis of complex C-glycosyl flavonoid phytoalexins, referred to as vitexin-6-(4-hydroxy-1-ethylbenzene) (cucumerin A) and isovitexin-8-(4-hydroxy-1-ethylbenzene) (cucumerin B), as a site-specific response to fungal penetration in cucumber. In a recent study, Ishihara et al (IshiharaHashimotoTanaka et al., 2008) reported on an induced accumulation of Trp-derived secondary metabolites, including tryptamine, serotonin, and hydroxycinnamic acid amides of serotonin in rice leaves by infection with Bipolaris oryzae. Using enantiomers of -(fluoromethyl)tryptophan ( FMT -R-and S-FMT), S-FMT but not R-FMT effectively inhibited tryptophan decarboxylase activity extracted from rice leaves infected by Bipolaris oryzae, suppressed accumulation of serotonin, tryptamine, and hydroxycinnamic acid amides of serotonin in a dose-dependent manner, and lead to were severely damaged leaves showing lesions that lacked deposition of brown materials, compared to control without S-FMT. Administration of tryptamine to S-FMT-treated leaves restored accumulation of tryptophan-derived secondary metabolites as well as deposition of brown material and reduced damage caused by fungal infection (Ishihara et al., 2011) .
Transduction pathways
Plants have developed a sophisticated innate immune surveillance system to recognize pathogens (Dodds and Rathjen, 2010, Liu et al., 2011) . This surveillance system consists of an integral plasma membrane proteins with extracellular receptor domains to perceive conserved pathogen associated molecular patterns (PAMPs) presented by pathogens during infection, and an intra-cellular Resistance (R) proteins to recognize the presence of specific pathogen effector proteins in host cells . Two recognition models have been reported for non-host resistance (non-race specific elicitor as signal) and gene-for-gene resistance (race-specific elicitor/ avirulence gene products as signal) interactions, with a receptor and a resistance gene product as signal perception, respectively (Romeis, 2001) . Upon perception, takes place a signal transduction cascade involving protein kinases and cellular responses to the intruders ensue. Either the disease develops or resistance phenotypes are observed. For review, please see more details in previous reports (Romeis et al., 2001 , Romeis, 2001 , Elmore and Coaker, 2011a , Elmore and Coaker, 2011b . The plant reaction to the outcome of signalling has a dramatic consequence on the plant's ability to photosynthesize even in incompatible interactions where HR responses lead to a localized cell death at infection sites and restrict the pathogen progression. In these conditions, with patchy leaf area (no chlorophyll for light inception), the photosynthetic capacity is reduced compared to non-infected plants.
New insights from the genomics and proteomics era
The genomics and proteomics era, with its high-throughput capability, has enabled the expression profiling analysis of thousands of genes and proteins simultaneously (Lee et al., 2004) . Hence, the global analysis of many plant processes, including the response to pathogen attack, their interlinked regulatory networks and signalling pathways have been made possible (Duggan et al., 1999 , Eulgem, 2005 , GuldenerSeong et al., 2006 , Schenk et al., 2000 .
Gene and protein networks in plant-pathogen interactions 4.1.1 In the pathogen
One of the challenges faced by biologists in plant-pathogen interactions was their ability to differentiate plant genes from the pathogen genes. This has become feasible with the release of the genome sequences for several fungus and plant species. Exploiting these genomic resources it has been possible to design and perform the wide-genome microarray transcription profiling of the plant pathogenic fungus, Fusarium graminearum, grown in culture media under different nutritional regimes and in comparison with fungal growth in infected barley (GuldenerSeong et al., 2006) . Guldener et al. (GuldenerSeong et al., 2006) were able to detect the fungal gene expression during plant infection, test for sensitivity limits for detecting fungal RNA in planta and the potential for cross-hybridization between fungal probe sets and plant RNAs. A total of 11,994 of a possible 17,809 Fusarium probe sets (67.35%) were detected under various conditions of the fungus grown in culture and a total of 7132 probe sets (40.05%) were detected from the fungus during infection of barley. As of July 5, 2011 however, only 96 pathogenic genes from F. graminearum curated for lab experimental, molecular and biological information on genes proven to affect the outcome pathogen-host interactions in cereals (oat, wheat, barley, rye, maize), Arabidopsis, and tomato were reported in PHI-base database (http://www.phi-base.org/query.php) and 4000 proteins that have been annotated in MIPS F.graminearum Genome Database (FGDB), (GuldenerMannhaupt et al., 2006) which is far from complete. To speed up the process, a computational network approach to predict pathogenic genes for Fusarium graminearum was proposed by Liu et al (Liu et al., 2010) . With a small number of known pathogenic genes as seed genes, the authors were able to identif y a s u b n e t w o r k t h a t c o n s i s t s o f p o t e n t i a l pathogenic genes from the protein-protein interaction network (PPIN) of F. graminearum, where the genes in the subnetwork generally share similar functions and are involved in similar biological processes. The genes that interact with at least two seed genes can be identified because these genes are more likely to be pathogenic genes due to their tight interactions with the seed genes. The protein-protein interactions that connect networks with each other are thought to be the signalling pathways between biological processes. On the basis of our current understanding of pathogenicity of model pathogens, F. graminearum is thought to organize a complex network of proteins and other molecules, including those that might be secreted into host cells, to adapt the life inside its host plant. Hence, Zhao et al (Zhao et al., 2009) showed that F. graminearum protein-protein interactions (FPPI ) contains 223,166 interactions among 7406 proteins which represent about 52 % of the whole F. graminearum proteome. Although these computational predictions are fascinating, system biology based on experiment data is also making considerable progress. Song et al (Song et al., 2011) reported the first proteome of infection structures from parasitized wheat leaves, enriched for Puccinia triticina (Pt) haustoria using 2-D PAGE MS/MS and gel-based LC-MS (GeLC-MS) to separate proteins. They compared the generated spectra with a partial proteome predicted from a preliminary Pt genome and ESTs, with a comprehensive genome-predicted protein complement from the related wheat stem rust fungus, Puccinia graminis f. sp. tritici (Pgt), and with various plant resources. The authors identified over 260 fungal proteins, 16 of which matched peptides from Pgt. Based on bioinformatic analyses and/or the presence of a signal peptide, at least 50 proteins were predicted to be secreted. Among those, six had effector protein signatures, some were related and the respective genes of several seem to belong to clusters. Many ribosomal structural proteins, proteins involved in energy, general metabolism and transport were detected. By measuring the gene expression over several life cycle stages of ten representative candidates using quantitative RT-PCR, all tested genes were shown to be strongly upregulated and of which four were expressed solely upon infection (Song et al., 2011) . Similarly, El-Bebany et al (El-Bebany et al., 2010) identified potential pathogenicity factors including isochorismate hydrolase, a potential plant-defence suppressor that may inhibit the production of salicylic acid, which is important for plant defence response signaling. Much progress is still needed not only in the identification but in the mechanistic action of the genes and proteins identified.
In the plant
The role of photosynthesis in plant defence is a fundamental question awaiting further molecular and physiological elucidation. Different pathogens, based on life cycle (biotroph vs necrotroph), develop different pathogenesis mechanisms that impact differently on the plant's photosynthesis efficiency as well as on its gene and proteome profiling. Xanthomonas axonopodis pv. citri, the bacterial pathogen responsible for citrus canker encodes a plant-like natriuretic peptide (XacPNP) that is expressed specifically during the infection process and prevents deterioration of the physiological condition of the infected tissue to the benefit of the invaders (Nembaware et al., 2004, Gehring and Irving, 2003) . The wild pathogen expressing the XacPNP peptide maintains the plant in a condition that prevents chlorosis and no significant drop of photosynthesis. In contrast, citrus leaves infected with a XacPNP deletion mutant (DeltaXacPNP) resulted significant reduction of photosynthesis efficiency, and proteomic assays revealed a major reduction in photosynthetic proteins such as Rubisco, Rubisco activase and ATP synthase as a compared with infection with wild type bacteria (Garavaglia et al., 2010) . Similarly, Pyrenophora tritici-repentis, is an important foliar disease of wheat. The fungus produces the host-specific, chlorosis-inducing toxin Ptr ToxB. Kim et al (Kim et al., 2010) examined the effects of Ptr ToxB on sensitive wheat. Photosynthesis was significantly reduced within 12 h of toxin treatment, prior to the development of chlorosis at 48-72 h. Proteomics analysis by 2-DE revealed a total of 102 protein spots with significantly altered intensities 12-36 h after toxin treatment, of which 66 were more abundant and 36 were less abundant than in the buffer-treated control. In the last decade, an abundant literature has treated large dataset gene expression profiling of plant-pathogen interactions (Bilgin et al., 2010 , Eichmann et al., 2006 , Fofana et al., 2007 , Lee et al., 2004 , Zou et al., 2005 ) among many others. Of interest was the study by Fofana et al (Fofana et al., 2007) where difference in temporal gene expression profiling of the wheat leaf rust pathosystem was reported in compatible and incompatible defence pathways using cDNA microarray. Gene ontology assignment of differentially expressed genes showed alterations in gene expression for different molecular functions, cellular location and biological process for genes (Figure 3) . The authors observed changes in the expression of genes involved in different biological processes such as photosynthesis, redox control, resistance and resistance-related genes (NBS-LRR, cyclophilin-like protein, MLo4-like gene, MRP1), components of the shikimatephenylpropanoid pathway as well as genes involved in signal transduction (Myb-like transcription factors, calmodulin MAPKK, PI4PK), heat shock proteins, osmotic control genes and metabolisms (Fofana et al., 2007) . Six hours after inoculation, a coordinated decrease in transcription of photosynthesis genes (photosystemmII phosphoprotein, ribulose-1,5 biphosphate carboxylase/oxygenase small unit, Type III LHCII CAB precursor protein, photosystem II type II chlorophyll A/B-binding protein, ribulose-1,5 biphosphate carboxylase activase) in the resistant but not susceptible interactions was observed in agreement with the general trends of photosynthesis inhibition. Biotic stress globally downregulates photosynthesis genes (Bilgin et al., 2010) . By comparing transcriptomic data from microarray experiments after 22 different forms of biotic damage on eight different plant species, Bilgin et al (Bilgin et al., 2010) reported that transcript levels of photosynthesis light reaction, carbon reduction cycle and pigment synthesis genes decreased regardless of the type of biotic attack.
Genes coding for the synthesis of jasmonic acid and those involved in the responses to salicylic acid and ethylene were upregulated. The upregulation of JA and SA genes suggest that the downregulation of photosynthesis-related genes was part of a defence response. Analysis of gene clusters revealed that the transcript levels of 84% of the genes that carry a chloroplast targeting peptide sequence were decreased (Bilgin et al., 2010) . The concept of computational network analysis (Liu et al., 2010) appears to be of good relevance as it could assist in identifying not only networks specific to the plant, to the pathogen but also genes that interact between the plant and the pathogen. Fig. 3 . Gene ontology assignment of differentially expressed genes (Fofana et al., 2007) . A BLASTX search of the differentially expressed sequences against the set of predicted Arabidopsis thaliana proteins was used to assign gene ontology. The first hit with an E value less than or equal to 1 × 10 -5 was used as a functional assignment and the TAIR GO annotation tool was used to bin the genes into the ontology groupings; a) cellular location b) molecular function and c) biological process.
What could be the future strategies?
Plant productivity depends on the plant's ability to produce higher biomass and seed, which relies on its photosynthetic capacity. However, as mentioned above, this inherent potential is constantly challenged and compromised by phytopathogens. The main question facing plant biologists remains our ability to improve plant productivity under increasing biotic pressure. One of the avenues could consist of emphasizing on gene networks discovery through both computational network discovery strategy (Liu et al., 2010) and gene and proteome analysis in living plants challenged with pathogens. Recently, Zhu et al proposed C 4 rice as an ideal arena for systems biology research. This group raised the possibility of engineering C 4 photosynthetic machinery into C 3 plant such as rice. However, the pivotal role to be played by system biology in identifying key regulatory elements controlling development of C 4 features, identifying essential biochemical and anatomical features required to achieve high photosynthetic efficiency, elucidating the genetic mechanisms underlining C 4 differentiation and ultimately identifying viable routes to engineer C 4 rice has been emphasized to decipher the complexity of such engineering . A second level complexity comes from the interaction between two organisms as is the case in plant-pathogen interactions. It will be of great interest to put emphasis on the identification of a) more plant gene and protein network clusters and their interactomes, b) more pathogen gene and protein network clusters and their interactomes, c) more plant-pathogen gene and protein network clusters and the interacting genes and proteins linking both organisms, for a better understanding of key target points. This would allow the design of strategies to suicide specifically pathogen vital interactome (such as a key component of virulence interactome or life cycle) and to dismantle any genes linking plant-pathogens network clusters through which the invader diverts the photosynthetates for its own. A second avenue could consist of combining system biology approach and agronomic practices that can contribute to increased plant photosynthetic capacity. Recently, Zhang et al (ZhangXie et al., 2008 ) described a soil symbiotic bacteria that augments photosynthesis in Arabidopsis by decreasing glucose sensing and abscisic acid levels in planta. Would such symbiotic system be applicable in a field system? Would there be any such symbiont that could antagonistically interfere with plant pathogenetic soil born diseases and reduce their impact on plant productivity? Those are some of the questions, we believe, could be the focus for further investigations.
Conclusion
Photosynthesis is a process that converts solar energy to chemical energy in many different organisms, ranging from plants to bacteria. It provides all the food we eat and all the fossil fuel we use. Photosynthesis of terrestrial higher plants is however constantly challenged by abiotic and biotic stresses. In this review, we described briefly the general process of photosynthesis, its outcome and limiting factors; the complex plant-pathogen interrelationships and their effects on photosynthesis; and the insights the genomics and proteomics era can shed into the elucidation of the many genes and protein clusters and networks that sustain the plant-pathogen interactions in general, and photosynthesis, in particular. Photosynthesis feeds the globe and pathogen threats are increasing. A system biology approach, using both computational gene network discovery and gene and proteome analysis in living plants challenged with pathogens, was proposed as one of the pivotal player in identifying key gene and protein network clusters and their interactomes in both the plant and pathogens towards the design of strategies to suicide specifically pathogen vital interactome and to dismantle any genes linking plant -pathogens network clusters. This approach could be complemented with agronomic practices contributing to increased plant photosynthetic capacity.
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